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ABSTRACT.  A 4-cylinder Ford 2701C test engine was used in this study to explore the impact of 
ethanol fumigation on gaseous and particle emission concentrations.  The fumigation technique 
delivered vaporised ethanol into the intake manifold of the engine, using an injector, a pump and 
pressure regulator, a heat exchanger for vaporising ethanol and a separate fuel tank and lines.  Gaseous 
(Nitric oxide (NO), Carbon monoxide (CO) and hydrocarbons (HC)) and particulate emissions (particle 
mass (PM2.5) and particle number) testing was conducted at intermediate speed (1700 rpm) using 4 load 
settings with ethanol substitution percentages ranging from 10-40 % (by energy).  With ethanol 
fumigation, NO and PM2.5 emissions were reduced, whereas CO and HC emissions increased 
considerably and particle number emissions increased at most test settings.  It was found that ethanol 
fumigation reduced the excess air factor for the engine and this led to increased emissions of CO and 
HC, but decreased emissions of NO.  PM2.5 emissions were reduced with ethanol fumigation, as ethanol 
has a very low “sooting” tendency.  This is due to the higher hydrogen-to-carbon ratio of this fuel, and 
also because ethanol does not contain aromatics, both of which are known soot precursors.  The use of a 
diesel oxidation catalyst (as an after-treatment device) is recommended to achieve a reduction in the four 
pollutants that are currently regulated for compression ignition engines.  The increase in particle number 
emissions with ethanol fumigation was due to the formation of volatile (organic) particles; consequently, 
using a diesel oxidation catalyst will also assist in reducing particle number emissions. 
KEYWORDS: ethanol fumigation, compression ignition engine, gaseous emissions, particle emissions, 
oxidation catalyst. 
 
1. INTRODUCTION 
Globally, the transportation sector contributes approximately 26% of greenhouse gas emissions, and due 
to the growing demand for transport (and hence increased vehicle kilometres travelled), global warming 
mitigation in this sector is proving difficult [1].  A recent report by the International Energy Agency has 
highlighted that biofuels could be a key technology in reducing transport related CO2 emissions by 50 % 
by 2050 (relative to 2005 emission levels) [2].  To achieve this outcome, biofuels would achieve 27% of 
the world’s transport energy share by 2050, with advanced biofuels, such as ligno-cellulosic ethanol and 
algal biodiesel, playing a prominent role.  As such, a primary motivation for exploring the usage of 
biofuels in the transportation sector is for energy security reasons [3, 4].  The use of renewable bio-fuels 
plays a role in energy security issues by reducing dependence on imported petroleum products, which as 
a non-renewable energy resource, are being depleted rapidly [4].  Despite this, other factors are having 
an influence of the uptake of biofuels such as the need to mitigate global warming, and also to reduce 
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exhaust emissions [3, 5, 6].  Of the bio-fuels available, ethanol is one example that is being explored as 
a substitute for diesel in the transportation sector [7]. 
 
There are two advantages of ethanol (from an emissions perspective) that have led to it being pursued as 
a compression ignition (CI) fuel.  Firstly, ethanol provides significant full load particle mass emission 
reductions [8, 9].  Jacobson [10] showed through simulations that reducing the black-carbon (i.e. soot) 
emissions from the combustion of petroleum fossil fuels is a very effective strategy for mitigating global 
warming.  Ramanathan et al. [11] note that fossil fuel combustion is involved in the formation of 
atmospheric brown clouds, which due to light absorption by primarily carbonaceous aerosol, contribute 
as much to anthropogenic warming trends as greenhouse gases.  A second advantage of ethanol is that it 
offers significant life-cycle greenhouse gas savings [12, 13], especially if waste wood is used as a 
feedstock for ethanol production.  Also, second-generation bio-fuels that are based on renewable, non-
agricultural feedstocks do not interfere with food production, unlike some first generation feedstocks 
[3]. 
 
The ethanol fumigation approach can be contrasted with the ethanol blending approach, which involves 
injecting an ethanol-diesel blend through high pressure diesel injectors into the combustion chamber, 
where it is noted that the ethanol blending approach has received considerable research attention 
recently [14-17].  One advantage of the  fumigation approach is that it is capable of delivering more 
ethanol on an energy basis (~50%) than ethanol blending (~25%) [18].  The ethanol blending approach 
is limited by the relativity poor miscibility of ethanol in diesel, which leads to the problem of the two 
fluid phases separating.  To overcome the problem of phase separation, it is common to use an alcoholic 
co-solvent (such as propanol [19] or dodecanol [14]), or a mixer [17] to improve the stability of the 
blend.  Thus, the amount of energy which can be delivered by the secondary fuel (i.e. ethanol) is a major 
difference between the ethanol blending and fumigation approaches.  An added benefit of the fumigation 
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approach is that engine operation can be reverted to neat diesel operation (if problems are encountered 
with ethanol combustion) since separate fuel tanks or systems are used [18].  This option is not available 
for the ethanol blending approach, as a dual-fuel blend is injected through a single high pressure fuel 
injector.  The reader is directed to an excellent review paper by Ecklund et al. [18] which discusses other 
technologies enabling the usage of ethanol in compression ignition engines, such as dual-injection, spark 
assisted compression ignition, the cetane number improvement approach, and emulsions. 
 
In this study, the test engine was fitted with a fumigation system which delivered ethanol vapor to the 
intake manifold of the engine using low pressure fuel injectors.  A critical factor influencing the uptake 
of ethanol as a supplementary fuel for compression ignition engines is its performance from an 
emissions perspective.  As a result, this study aims to characterise the performance of an ethanol 
fumigated compression ignition engine in terms of both its gaseous and particle emissions.  A noted 
advantage of this study is the both the mass and number of particles emitted by the test engine are 
measured, whereas in previous ethanol fumigation emissions studies, only the mass of particulates 
emitted by the test engine has been considered (such as [8]).  Research from the health effects literature 
have shown that the respiratory health effects (in particular asthma) from particle emissions correlate 
better with particle number, rather than particle mass emissions [20], which provides a strong 
motivation to measure the number of particles emitted as has been done in this study.  In a related 
development, the number of particles emitted by compression ignition engines (in addition to a particle 
mass limit) will be regulated at the Euro VI stage, which demonstrates that considering particle number 
emissions is set to become more important in vehicle emissions studies [21]. 
 
2. METHODOLOGY 
2.1 ENGINE AND FUEL SPECIFICATIONS 
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The experimental set-up and design used in this study follows very closely the description provided in 
Surawski et al. [22].  The reader is directed to this paper for a more complete description of the engine, 
test modes, fuel settings and test protocol, which were identical to those used in the present 
investigation.  In the present study, gaseous and particle number emission factors are presented, whereas 
more detailed results regarding the particle physical properties (including the issue of particle size 
distributions) and particle chemistry were presented in Surawski et al. [22].  Particle number emission 
factors involve the number of particles emitted by the engine per unit of work delivered by the engine 
(#/kWh), and are therefore reported on a brake-specific basis as is done for the other pollutants 
presented in this paper. 
 
In terms of the experimental design used in this study, each load setting involved one ethanol 
substitution (in addition to the neat diesel test at each load), except for half load operation which 
employed three ethanol substitutions.  The experiments were designed this way as ethanol fumigation is 
more likely to be implemented under partial loading conditions, rather than at full or light load [18].  As 
a result, a more detailed examination of ethanol fumigation at half load is undertaken in this study.   
 
Figure 1 provides an illustration of the experimental set-up employed in this study.  The ethanol was 
injected upstream of a heat exchanger that was used to vaporise ethanol, as intake manifolds are not 
designed to handle two-phase flows.  Delivering vaporised ethanol was a critical requirement, since un-
vaporised ethanol would lead to an uneven distribution of supplementary fuel to each cylinder – which is 
not desirable.  After the heat exchanger, the injected ethanol passed through a vortex creator [23], which 
consists of a number of swirling vanes that create a low pressure core which thoroughly mixes air with 
supplementary fuel before being inducted into each cylinder.  The ethanol fumigation system had its 
own fuel tank, fuel lines and pump for delivering supplementary fuel to the engine.  In this paper, the 
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term “EX” refers to how X% of the total fuel energy was supplied by ethanol.  At full and intermediate 
loads, up to 40% ethanol substitutions (E40) were employed in this study. 
 
2.2 EMISSIONS MEASUREMENT METHODOLOGY 
Gaseous emissions were measured with an Andros 6600/6800 Gas Bench.  CO2, NO, CO, HC and O2 
emissions were measured directly from the exhaust, whereas PM2.5 emissions were sampled from the 
dilution tunnel using a TSI 8520 Dust-Trak.  An iso-kinetic sampling port was used to sample PM 
emissions.   
 
Particle number distributions were measured with a Scanning Mobility Particle Sizer (SMPS) consisting 
of a TSI 3071A classifier, which pre-selects particles within a narrow mobility (and hence size) range, 
and a TSI 3782 condensation particle counter (CPC) which grows particles (via condensation) to 
optically detectable sizes.  The SMPS software increases the classifier voltage in a pre-determined 
manner so that particles within a 10-400 nm size range are pre-selected and subsequently counted using 
the CPC.  The software also integrated the particle number distribution to enable calculation of the total 
number of particles emitted by the engine (on a brake-specific basis) at each test mode. 
 
A two-stage unheated dilution system consisting of a dilution tunnel (first) and an ejector diluter 
(second) was used to dilute the exhaust gas before particulate size sampling.  A 3-way valve was placed 
on the dilution tunnel to periodically switch the exhaust flow from the tunnel to after the ejector diluter, 
enabling either the primary or total dilution ratio to be computed.  In order to calculate dilution ratios, 
CO2 was used as a tracer gas.  CO2 was measured either from the dilution tunnel or after the Dekati 
diluter (as indicated in Figure 1), with dilution ratios being calculated using the following equation: 
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where:  was measured with an Andros 6600/6800 Gas Bench (± 3% relative error), and 
 and  were measured with a Sable Systems CA-10A Carbon Dioxide Analyser 
(± 1% relative error).  Laboratory background CO2 measurements were made before the commencement 
of each test session.  Both CO2 measurements were performed with a sampling frequency of 1 Hz.  
Velocity and temperature were monitored within the dilution tunnel to ensure that turbulent conditions 
were achieved, hence enabling particulate matter to be fully mixed before sampling occurred.   
 
For internal combustion engines, the excess air factor (λ) (or relative air-fuel ratio) is defined as the ratio 
of the actual air-fuel ratio to the stoichiometric air-fuel ratio [24].  The following chemical equation 
describes complete combustion for a hydrocarbon and ethanol: 
 
 (1) 
where: 
 is the number of moles of ethanol consumed per mole of diesel,  
and is a co-efficient that makes (1) balance. 
 
From (1), the excess air factor for dual-fuel combustion of diesel and ethanol can be calculated via: 
 
 
3. RESULTS AND DISCUSSION 
Engine performance data for the experimental campaign appears in Table 1 and includes data on fuel 
consumption, excess air factors, brake thermal efficiencies, brake mean effective pressures (BMEP) and 
the count median diameter of the particle emissions for each test. 
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Figure 2 presents brake-specific PM2.5 and particle number emissions.  The PM2.5 data in Figure 2 was 
previously published in [22], but has been augmented in this study by particle number emission factors.  
Error bars present in figures denote ± one standard deviation of the data collected for each emissions 
parameter. 
 
Brake-specific particle mass emissions decreased for all ethanol fumigation substitutions, except for the 
E10 test at idle mode.  The most significant particle mass reductions were evident at full load, where a 
40% ethanol substitution provided a five-fold reduction in particle mass.  Particle mass reductions at 
other loads were not as substantial; however, particle mass was reduced by approximately 50% at half 
load with a 40% ethanol substitution.  Slight particle mass reductions were achieved at quarter load (~ 
10%), whilst a modest particle mass increase occurred at idle mode (~ 55%).  The count median 
diameter of particles emitted for the E10 idle mode test (see Table 1) are about 20% bigger that those for 
E0 idle, which is most likely due to the condensation of organic material onto the particles.  So 
assuming spherical particles with unit density, and taking into account that fewer particles are emitted 
for the E10 idle test, a 55% increase in particle mass could be considered reasonable.  The particle mass 
results are in qualitative agreement with Heisey and Lestz [9] who observed that reductions in particle 
mass increased with increasing engine load.  Full load particle mass reductions of up to 65% were 
achieved in the study by Heisey and Lestz [9] (using a 40% ethanol substitution), whereas Abu-Qudais 
et al. [8] reported full load particle mass reductions in the 33-51% range (using a 20% ethanol 
substitution).  Consequently, the particle mass reductions achieved in this study (at full load) were 
greater than those encountered in other fumigation studies.  A possible explanation for this behaviour is 
that ethanol was passed through a low pressure region in a vortex creator.  This meant that the 
supplementary fuel would have been mixed more thoroughly (compared to other fumigation studies) 
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before entering the cylinder.  Since fuel-rich regions are known to produce increased PM emissions [25], 
a thoroughly mixed charge may have assisted in suppressing the formation of particulate matter. 
 
A number of factors have contributed to the significant particle mass reductions achieved at quarter, half 
and full load with ethanol fumigation.  The first observation is that the fumigant (ethanol) has a very low 
sooting tendency, as it is free from aromatics and has a much lower carbon-to-hydrogen (C/H) ratio than 
diesel.  Both the aromatics content and the C/H ratio of a fuel are indicators of its sooting tendency [26].  
The combustion of fumigated ethanol will also produce more OH radicals [22], which will assist in the 
oxidation of soot, leading to lower PM emissions [26].  Additionally, the secondary fuel introduced via 
fumigation is pre-mixed and is therefore less likely to form particulates, leaving the fuel-rich diesel 
spray as the primary source of particle mass emissions.  Interestingly, the above mentioned factors 
contribute to lower particle mass emissions even though combustion is more fuel-rich with ethanol 
fumigation (see Figure 6). 
 
Figure 2 shows that whilst particle mass reductions were observed with ethanol fumigation (except at 
idle mode operation), particle number emissions generally increased.  At full load, the number of 
particles emitted by the engine more than doubled, since the E40 fuel setting produced a nucleation 
mode which formed a large number of nanoparticles with a diameter < 50 nm (see [22] for size 
distribution information).  No such nucleation mode was evident with neat diesel operation at full load.  
At half load, more particles are emitted for the E10 test but fewer particles were emitted for the E20 and 
E40 tests. At quarter load, the number of particles emitted increased by about 20% and decreased by 
15% at the idle mode.  Generally, ethanol fumigation increased the number of particles emitted by the 
engine.  This is a fundamentally different result to that reported by Zhang et al. [27] who found particle 
number reductions for E10-E20 fumigation.  Unlike the results of Zhang et al., the increase in particle 
number emissions in this study occurred due to the phenomenon of homogeneous nucleation (as 
 10 
outlined in [22]), which in an engine’s exhaust, is a gas-to-particle conversion process driven by super-
saturated volatile (i.e. organic) vapors.  A reduction in particle mass emissions can exacerbate the 
particle number emissions (as has occurred in this study), since instead of volatile vapors condensing on 
a particle, they are more likely to remain in the gas phase (hence increasing their saturation ratio) and 
become involved in nucleation.  Overall, the particle emissions results show that whilst significant 
reductions can occur in particle mass, particle number emissions increases can occur, which is not an 
advantageous result from a human respiratory health perspective. 
 
Ethanol fumigation reduced brake-specific NO emissions at all loads (see Figure 3) with reductions 
ranging from 20% (idle mode) to approximately 70% (half load).  Whilst only NO measurements were 
made in this study and not NOx (NO and NO2), comparing NO results with NOx results is valid for 
older engines as their NO2/NOx ratio is around 5% [28]. 
 
The NO reductions exhibited by this engine were generally higher than those reported in other 
fumigation studies (which report a NOx decrease), although Heisey and Lestz [9] did report a 50% NOx 
reduction at 2400 rpm, with a 40% (by energy) ethanol substitution and a 1/3 rack setting .  In a rack and 
pinion system for fuel injection, linear motion of the rack imparts circular motion to a control sleeve 
which varies the stroke of the delivery plunger.  As a result, varying the rack position is analogous to 
controlling the load of an engine. 
 
To shed light on the NO results, a discussion of the extended Zeldovich mechanism is required, which 
consists of the following three chemical equations [24, 25]: 
 (2) 
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 (3) 
 (4) 
The performance data in Table 1 shows that at each load setting, ethanol fumigation reduces the excess 
air factor, making the combustion more fuel rich.  The reduced excess air factor implies that less 
molecular Oxygen (O2) and Nitrogen (N2) is available for combustion in fumigation mode.  With a 
reduction in O2 and N2 availability, equations (2-3) of the Zeldovich mechanism are less likely to 
proceed, therefore limiting the production of NO.  Figure 6 shows that the NO emissions at half load 
operation are correlated quite well with the excess air factor (R
2
=0.97). 
 
Brake-specific CO emissions (see Figure 4) increased at all loads tested, except idle mode.  The thermal 
efficiency of the engine was slightly higher under idle mode operation with E10, leading to lower CO 
and HC emissions.  A 40% ethanol substitution at half load approximately tripled CO emissions, 
whereas the same ethanol substitution at full load nearly doubled CO emissions.  CO emissions 
approximately doubled at quarter load, however, only a 20% ethanol substitution was used in this case.  
Idle mode CO emissions were reduced by about 15% using a 10% ethanol substitution.  At half and 
quarter loads these results were in good agreement qualitatively with Heisey and Lestz [9], who 
observed large increases in CO emissions at the 1/3 and 2/3 rack settings at 2400 rpm.  These results 
differ from those of Heisey and Lestz [9] in that large CO increases (~ 80%) were also observed at full 
load. 
 
Brake-specific HC emissions appear in Figure 5.  HC emissions increased at all loads, as ethanol 
fumigation increased, except at idle mode and also for the E20 test at half load.  The most significant 
HC increases were achieved at half load, where a 40% ethanol substitution more than doubled HC 
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emissions.  At full load, the same ethanol substitution led to a doubling of HC emissions.  Idle mode HC 
emissions were reduced by approximately 30% using a 10% ethanol substitution, whereas HC emissions 
increased by about 30% at quarter load using a 20% ethanol substitution.  These results are in agreement 
with Jiang et al. [29], who reported very significant HC emission increases at full load but more 
moderate HC increases at lower load. 
 
The excess air factor ( ) (or its inverse, the equivalence ratio) is an engine parameter that has a strong 
influence on the composition of diesel exhaust [30].  To explore this effect, the CO, HC, NO and PM2.5 
emissions at half load half been plotted versus the excess air factor (see Figure 6).  With a higher excess 
air factor, CO and HC should be more readily oxidised to complete combustion products, yielding lower 
CO and HC emissions [24].  This general trend is evident in the dataset, with CO emissions correlating 
very well (R
2
=0.99) with the excess air factor, but this correlation does not perform as well for HC 
emissions (R
2
=0.54).  The difference in the strength of these two correlations suggests that factors other 
than the excess air factor govern HC emissions, such as flame quenching [24]. 
 
It can be observed that ethanol fumigation leads to rather large increases in both CO and HC emissions.  
Two main factors contribute to this.  Firstly, a reduction in the excess air factor with ethanol fumigation 
leads to more fuel-rich combustion (see Figure 6).  Secondly, the fact that supplementary fuel is 
inducted during the intake stroke, and not delivered to the combustion chamber in a controlled manner 
(as would be the case if ethanol were injected), can lead to ethanol impinging on the cylinder wall and 
combustion chamber.  This will lead to incomplete combustion (and consequently increased CO and HC 
emissions) if the diesel flame is extinguished before reaching the cylinder and combustion chamber 
wall. 
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As for the other pollutants, a reduction in excess air factor reduces the availability of molecular oxygen 
(O2) and nitrogen (N2) which inhibits the formation of NO in the extended Zeldovich mechanism 
(R
2
=0.97).  Even though particulate matter emissions are a by-product of a fuel-rich diesel spray, PM2.5 
emissions are reduced with a lower excess air factor. 
 
Apart from the change in excess air factor, differences in the physico-chemical properties of the fuels 
used affect the emissions results as well.  Relative to diesel (which contains no oxygen), ethanol has an 
oxygen content of approximately 35 % (by mass).  Miyamoto et al. [31] showed that all four regulated 
pollutants (PM, NOx, CO and HCs) exhibited a decrease with increasing amounts of oxygen in the fuel 
blend derived from a range of different oxygenates.  Whilst increasing the amount of oxygen in the fuel 
can lead to regulated emissions reductions for fuel blends; with fumigation of alcoholic fuels, the results 
are more complicated.  With ethanol fumigation, the availability of extra fuel bound oxygen promotes 
the oxidation of soot during the diffusion flame phase of combustion.  The reduction in PM due to the 
availability of extra oxygen in the fuel has recently been reported when using methanol as a fumigated 
fuel [32, 33].  As for the other pollutants, the presence of oxygen in the fuel plays a role in increasing 
NO2 emissions, although this particular pollutant was not measured in this study.  Cheng et al. [32] 
report increased formation of NO2 due to the oxidation of methanol by NO and oxygen achieved through 
the production of the hydroperoxyl radical (HO2).  Whilst this mechanism has been observed for 
methanol fumigation, it is possible that a similar mechanism applies with ethanol fumigation due to the 
similarity in the chemical properties of these two fuels.  As for hydrocarbon emissions Zhang et al. [34] 
report with methanol fumigation that the availability of extra oxygen in the fuel could be implicated in 
the formation of oxygenated hydrocarbons.  Although not reported in the literature, it is also quite 
possible the fuel oxygen could also play a role in the CO emissions increases with ethanol fumigation. 
 
Additionally, ethanol has a cetane number of approximately 6 [27], whereas diesel fuel in Australia is 
required to have a minimum cetane number of 46 [35].  The lower cetane number of ethanol will 
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significantly increase the ignition delay, a fact which was also noted recently for methanol fumigation 
[36].  An increased ignition delay will assist with reducing PM emissions as more pre-mixed 
combustion will occur [26].  An increased ignition delay should increase NO emissions, and reduce CO 
and HC emissions due to the higher flame temperature [37].  Since opposite trends were obtained in this 
study for these 3 pollutants, this indicates that factors other than ignition delay (such as excess air factor, 
fuel oxygen, and flame quenching) play a greater role in the observed emissions profile from this test 
engine. 
 
4. CONCLUSIONS 
The results from this investigation showed that PM2.5 and NO emissions (two major CI engine 
pollutants) were significantly reduced by ethanol fumigation.  Conversely, HC and CO emissions 
increased substantially.  To achieve a reduction in the four pollutants currently regulated, the use of a 
diesel oxidation catalyst (as an after-treatment device) should be investigated, as it will assist in 
oxidising hydrocarbons and CO to complete combustion products.  There was an increase in the number 
of particles emitted at most test modes, and it is quite likely that these particles are primarily volatile 
(organic) droplets.  Therefore, using a diesel oxidation catalyst could also assist in reducing particle 
number emissions from this test engine in future studies.  Alternatively, the amount of ethanol that is 
fumigated at a particular load may need to be limited by the injection control system. 
 
A noted limitation of the gaseous emission measurements is that only NO results are presented.  NO2 
emission increases would be expected with ethanol fumigation, as NO2 increases with methanol 
fumigation [32, 34] and ethanol has similar physico-chemical properties to methanol.  There would also 
be a load dependency for NO2 emissions, with lower loads producing higher brake-specific NO2 
emissions. 
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Table and caption for manuscript. 
 
Table 1. Engine performance data for the ethanol fumigation experiments conducted at 1700 rpm. 
Engine 
load  
BMEP 
(MPa) 
Engine  
load 
(%) 
Ethanol 
fumigation 
percentage 
(%) 
 
(kg/h) 
 
 
(kg/h) 
 
Excess 
air 
factor  
(λ) 
Brake 
thermal 
efficiency 
(%) 
Count 
median 
diameter 
(nm) 
0.624 100 0 8.4 0.0 1.36 34.5 83.4 
 
100 40 5.1 5.2 1.00 34.5 25.8 
0.325 50 0 5.0 0.0 2.43 30.4 31.6 
 
50 10 4.5 0.8 2.23 29.4 34.0 
 
50 20 4.0 1.5 1.98 29.0 33.8 
 
50 40 3.0 2.9 1.64 26.2 34.9 
0.163 25 0 3.3 0.0 3.78 22.8 29.4 
 
25 20 2.7 1.0 2.96 18.4 32.3 
0.030 Idle 0 2.1 0.0 5.20 6.8 27.0 
 
Idle 10 1.9 0.3 4.16 7.2 32.8 
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Figures and captions for manuscript. 
 
Figure 1. Schematic representation of the experimental set-up used in this study. 
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Figure 2. Brake-specific PM2.5 and particle number emissions at intermediate speed (1700 rpm) with 
various load settings and ethanol substitutions. 
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Figure 3. Brake-specific NO emissions at intermediate speed (1700 rpm) with various load settings and 
ethanol substitutions. 
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Figure 4. Brake-specific CO emissions at intermediate speed (1700 rpm) with various load settings and 
ethanol substitutions. 
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Figure 5. Brake-specific HC emissions at intermediate speed (1700 rpm) with various load settings and 
ethanol substitutions. 
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Figure 6. Correlation of CO, HC, NO and PM2.5 emissions versus excess air factor (λ) at half load 
operation.  Note the logarithmic scale on the ordinate. 
